This paper theoretically investigates interactions between a template and functional monomer required for synthesizing an efficient molecularly imprinted polymer (MIP). We employed density functional theory (DFT) to compute geometry, single-point energy, and binding energy (Δ ) of an MIP system, where spermidine (SPD) and methacrylic acid (MAA) were selected as template and functional monomer, respectively. The geometry was calculated by using B3LYP method with 6-31+(d) basis set. Furthermore, 6-311++(d, p) basis set was used to compute the single-point energy of the above geometry. The optimized geometries at different template to functional monomer molar ratios, mode of bonding between template and functional monomer, changes in charge on natural bond orbital (NBO), and binding energy were analyzed. The simulation results show that SPD and MAA form a stable complex via hydrogen bonding. At 1 : 5 SPD to MAA ratio, the binding energy is minimum, while the amount of transferred charge between the molecules is maximum; SPD and MAA form a stable complex at 1 : 5 molar ratio through six hydrogen bonds. Optimizing structure of template-functional monomer complex, through computational modeling prior synthesis, significantly contributes towards choosing a suitable pair of template-functional monomer that yields an efficient MIP with high specificity and selectivity.
Introduction
Spermidine (SPD), a polyamine, exists in a variety of organisms and foods [1, 2] . It regulates different biological processes, such as syntheses of DNA, RNA, and protein [3] , and it also plays an important role in biological growth and development of the digestive tract [4] . However, SPD reacts with nitrites in food and generates carcinogenic nitrosamines [5] . Presently, the detection methods of biogenic amines mainly include high performance liquid chromatography (HPLC) [6] , ion chromatography (IC) [7] , capillary electrophoresis [8] , thin layer chromatography [9] , gas chromatography [10] , biosensor [11] , and NMR [12, 13] . These methods involve complex pretreatment and require certain experimental conditions. Molecular imprinting technique (MIT) can produce materials with high selectivity, stability, and specific adsorption capacity [14, 15] . Therefore, applying MIT to synthesize molecularly imprinted polymers (MIPs) with specific adsorption capacity toward biogenic amines can simplify the pretreatment in the detection of biogenic amines, thereby improving the application range and accuracy of detection.
Typically, synthesis of an MIP requires a template molecule, suitable functional monomer, cross-linking agent, initiator, and suitable initiating condition. Selecting a suitable functional monomer, compatible with template molecule, is crucial because the interaction between functional monomer and template molecule greatly affects specific and selective adsorption of MIPs [16, 17] . Therefore, a computational study prior to MIP synthesis would always be helpful for choosing a suitable pair of template and functional monomer. With the rapid development of computational chemistry, [18, 19] . In this regard, density functional theory (DFT) calculation can provide in-depth information with higher accuracy and reliability [20] [21] [22] ; hence, DFT has been applied on this research. The commonly used functional monomers include acrylic acid (AA), methacrylic acid (MAA), acrylamide (AM), methacrylamide, and 4-vinyl pyridine [23] . Table 1 shows that MAA and SPD have the lowest binding energy and, thus, produce the most stable complex. Hence, we selected MAA and SPD as the functional monomer and template molecule, respectively, for the simulation to discuss configuration, number of bonds, and binding sites of the complex at different SPD to MAA ratios; the density functional theory (DFT) was employed for modeling. The variation in natural bond orbital (NBO) charge and change in mutual binding energy were also studied.
Calculation Method
Initially, we drew the 3D structures using GuassianView software. Next, we ran DFT calculations on these input files using Gaussian 09 software. All theoretical computations presented in this study were performed using Gaussian 09 program package installed on the cloud computing platform of Guizhou University. The density functional theory (DFT), a computational quantum mechanical modeling method, was employed to calculate binding energy between a template and a functional monomer and optimize structure. Here, B3LYP method [24] [25] [26] was employed; we selected 6-31+(d) as the basis set. The optimized keyword OPT + FRE not only optimized structure but also prevented imaginary frequency. The results obtained from B3LYP computational method were approximately close to crystallographic data ( Table 2) .
Natural bond orbital (NBO) charge analysis was performed to study position, bond length, and number of hydrogen bonds between SPD and MAA at different SPD to MAA ratios. The basis set 6-311++(d, p) was used to calculate the single-point energy of the optimal structure and explore the interaction between SPD and MAA at different SPD to MAA ratios. Meanwhile, in hydrogen bond-based interaction system, the basis set superposition error (BSSE) cannot be ignored [27] . Therefore, we applied counterpoise procedure (CP) set by Boys and Bernardi [28] for eliminating error in calculation.
Results and Analyses
3.1. SPD and MAA Optimal Configuration. We used the keyword OPT + FRE for optimal calculation of interactions between template molecule SPD and functional monomer MAA, NBO charge calculation in the optimal structure, and analysis of binding sites. SPD molecule contains two amino (-NH 2 ) groups: one at either ends and one imino (-NH) group in the middle (as shown in Figure 1 ). The N atoms in amino and imino groups can act as proton acceptor, while the H atom can act as a proton donor. On the other hand, the O-atom of the carboxyl (-COOH) in MAA can serve as proton acceptor, while the H atom can serve as proton donor. 
Structure Optimization of SPD-MAA Complex.
After optimizing the configurations SPD and MAA individually (with NBO charges at the possible binding sites), we optimized the structure of the complex that might form between SPD and MAA at different imprint ratios. To determine the optimal configuration, we performed calculation for the structures of the complex at different SPD to MAA ratios such as 1 : 1, 1 : 2, 1 : 3, 1 : 4, and 1 : 5. The different spatial configurations between template and functional monomer, number of bonds, and orbitals of functional monomer were analyzed to explore the interaction between SPD and MAA. We found that the binding energy cannot be calculated at the ratios greater than 1 : 5. We assume that the steric hindrance probably increases the repulsive force and distance, thereby reducing the binding energy between SPD and MAA.
Geometric Configuration.
We found a total of five stable configurations of template molecule SPD with MAA, surrounding the former, as shown in Figure 2 . Table 3 lists the number of hydrogen bonds, binding sites, and bond length. According to the results, with increasing imprint ratio, the number of hydrogen bonds between SPD and MAA increased and reached six at 1 : 3 imprint ratio; thereafter it remained the same until 1 : 5 imprint ratio. The steric hindrance probably caused the increment in the number of hydrogen bonds between template molecule and functional monomer at the binding sites. However, with the increase in imprint ratio, the energy of the entire system decreased, and the complex became more stable. The formation of hydrogen bonds increased active binding sites of an MIP, thereby contributing to specific and selective adsorption.
Binding Energy.
We calculated the binding energy between SPD and MAA and used B3LYP/6-311++(d, p) to calculate the single-point energy in the optimal structure; CP was used to eliminate the basis set superposition error. We calculated the binding energy Δ between template molecule and functional monomer using the following equation:
where SPD-is the energy of mixture, SPD is the energy of template molecule SPD, and Σ is the total energy of functional monomer. As evident from Table 4 , while the energy of the complex system formed by SPD and MAA continuously decreases, the absolute value of binding energy Δ continuously increases. However, while changing SPD to MAA ratio, especially, when the ratio increases from 1 : 1 to 1 : 2, the binding energy decreases by 44.99164446 KJ/mol. The stability of the complex begins to improve at 1 : 2 imprint ratio and reaches its minimum −248.211015535 KJ/mol at 1 : 5 imprint ratio; moreover, SPD-MAA complex attains the optimum stability at 1 : 5 imprint ratio.
Charge Distribution.
To determine the number and strength of hydrogen bonds formed between SPD and MAA, we employed NBO charge transfer [30] . Figures 1 and 2 show the charge values. At the imprint ratio of 1 : 1, the NBO charges before and after the complex formation are as follows: (i) NBO charges before complex formation (Figure 1 ), 0.335 on H 14 in SPD, −0.671 on N 13 in SPD, and 0.485 on H 5 in MAA; (ii) NBO charges after complex formation (Figure 2 ), 0.375 on H 14 in SPD, −0.707 on N 13 in SPD, and 0.501 on H 36 in MAA. The gain or loss in NBO charges on the individual atom is evident from the result, suggesting charge transfer from proton donor and proton acceptor in both SPD and MAA. This further suggests that the template molecule SPD and the functional monomer MAA molecule interact via hydrogen bond formation.
At imprint ratio of 1 : 2, the changes in NBO charges after the complex formation are discussed below. The NBO charges before complex formation are −0.837, −0.671, 0.335, and 0.344 on N 1 , N 13 , H 14 , and H 3 in SPD, respectively. After interacting with MAA, NBO charges on N 1 , N 13 , H 14 , and H 3 in SPD become −0.858 and −0.706, 0.375, and 0.387, respectively. Therefore, in SPD, N 1 and N 13 gain some NBO charges, while H 14 and H 3 lose NBO charges after interacting with MAA.
In comparison with imprinting ratio 1 : 1, one more electron donor and one more electron acceptor sites are added at 1 : 2 SPD to MAA ratio, resulting in the formation of two more hydrogen bonds between the template and functional monomer.
At the imprint ratio of 1 : 3, the following changes occur with regard to the NBO charges before and after complex formation. The NBO charges on N 1 , N 13 , and N 27 in SPD are −0.837, −0.671, and −0.844, respectively. After MAA interaction, the NBO charges on N 1 , N 13 , and N 27 become −0.858, −0.706, and −0.865, respectively. Therefore, overall charge increase occurs in each of N atoms mentioned above. After interacting with MAA, increase in charge also occurs in hydrogen atoms (H 3 = 0.343 to 0.388, H 14 = 0.335 to 0.376, and H 29 = 0.350 to 0.394) of SPD. Compared with imprinting ratio 1 : 2, at imprinting ratio 1 : 3, one more electron donor and one more electron acceptor sites are added to the system, contributing to the formation of two more hydrogen bonds.
At imprint ratio of 1 : 4, the changes in NBO charges on N and H atoms in SPD after complex formation are as follows: 
Conclusions
To understand the interactions between a template molecule (SPD) and functional monomer(s) (MAA), we performed computational modeling using DFT and calculated optimal configuration of the complex formed (SPD-MAA), number of binding sites, bonding situation, and binding energy at different imprint ratios (template to functional ratios). The results obtained from theoretical calculations together suggest that the most stable complex with the lowest energy formed between SPD and MAA at the imprint ratio of 1 : 5; the complex formed through six hydrogen bonds (N 1 -H -N 10 ) . Optimizing experimental conditions using computational modeling prior to MIP synthesis reduces unnecessary consumption of raw materials and saves time. Therefore, computational methods would serve as a guiding tool for choosing a compatible pair of template and functional monomer that yields a highly specific and selective MIP.
